Our first paper' presented the theory of a method for separating a mixture of particles according to mass. The second2 reported the results obtained with a gravitational device in the effective mass range 10-14 to 10-'3 gm. Here we describe experiments designed to test the feasibility of separating particles with effective masses as small as 10-18 gm.
In the gravity experiments particles are added at one end of a thin layer of fluid contained in a long rectangular trough. They settle through the liquid and form Boltzmann distributions near the bottom. The scale height of such a distribution depends on what we have called the effective mass of the particle, the mass of the particle less the mass of the fluid it displaces. When the fluid is made to flow along the trough, light particles travel with a higher average velocity than heavy particles because their distributions extend into the more rapidly moving parts of the fluid. The speed at which an individual particle is transported varies as the particle diffuses up and down in the liquid. If these excursions occur frequently enough, the average velocity of each particle of a given kind is nearly the same, and particles of a given kind travel as a group. This averaging is effective only if the time for diffusion through one scale height is short compared to the duration of the experiment. The diffusion time increases rapidly with decreasing effective mass. 3 Therefore, light particles cannot be separated in a reasonable length of time unless the scale height is reduced. This can be done by using a centrifugal field.
For this purpose we constructed a special centrifuge with a long, hollow cylindrical rotor turning about a vertical axis (Fig. 1) . Liquid added at the top of the spinning rotor collects as a layer on the inside wall until its depth becomes equal to the height of a shallow barrier at the bottom. Here "depth" and "height" refer to distances measured radially, i.e., horizontally. If more liquid is added, an equal volume spills out over the barrier. The fluid layer, held against the inner wall of the rotor by the centrifugal field, thus has a depth fixed by the barrier height. The particles to be separated are added to this layer at the top of the rotor. They sediment radially, forming Boltzmann distributions in the centrifugal field. Liquid is then injected continuously so that the fluid moves slowly down the rotor wall. As in the flat trough, particles separate out into bands that travel at different velocities. The light particles reach the lower end of the rotor, where they are discharged and collected, sooner than heavy particles.
Materials and Methods.-Test particles: To permit a test at a moderate centrifugal field, a particle of rather large molecular weight was desired. We used R17, an E. coli bacteriophage of molecular weight 4 X 106. A 4-mg sample, prepared by the method of Gesteland and Boedtker,4 was the gift of Joan Steitz. We dialyzed it at 20C against a pH 6.7 ammonium acetate buffer (50 mM ammonium acetate, 2 mM calcium acetate, 4 mM magnesium acetate) and labeled it by the method of Rosa et al.6 with I12, a soft Py-emitter of 60-day half life. The dialyzed sample (1.2 ml) was placed in a small Pt cup (the anode) and mixed with 0.1 ml of buffer containing 2.3 X 10-10 moles of NaIl12 (0.01 ml of a 51 mc/ml reductant-free NaOH solution at pH 11-13, IsoServe) and 6.1 X 10-9 moles of KI127. Electrolysis was carried out 10 min at 10 Ma (anode current density 2.4 Mua/cm2). The mixture was chromatographed on a 1 X 11-cm Bio-Gel P-10 column; 60% of the label appeared in a peak in the first 4.7 ml of eluent (0.14 I121 atoms per virus or 75 Aic/mg). This material, the "R17 stock," was stored at 20C. A sample of stock was dialyzed VOL. 58, 1967 PHYSICS: BERG AND PURCELL 1823 against buffer whenever a new batch was prepared, and the dialyzed material was diluted with at least 5 vol of buffer before it was added to the rotor. This precaution was taken to ensure that the buffer in the test sample was nearly identical to the buffer in the rotor. The dialyses were done with a cellulose membrane regenerated from one of the rotor coatings (see below). The experiments were carried out 2 months after the R17 had been labeled. At this time the stock contained a small amount of white precipitate, which we ignored; half the label passed through the dialysis membrane. Since the dialyses were carried out against small amounts of buffer for different periods of time, the amount of this low-molecular-weight material was not constant in the samples used in the different experiments. A few micrograms of the dialyzed R17 stock were sedimented through a 5-20% sucrose gradient (Beckman SW50 rotor, 40C, 2 hr at 39,000 rpm). Nearly all the label appeared in one narrow, symmetric peak near the bottom of the gradient at the position expected for intact virus. The remaining 1% or so was found at the top of the gradient.
Fluid: The fluid was a pH 6.7 buffer containing per liter: 0.05 mole ammonium acetate, 0.002 mole calcium acetate, 0.004 mole magnesium acetate (Fisher reagents), 50 mg gelatin (Difco), and 10 mg streptomycin. The gelatin and streptomycin were both omitted in experiment IV. Gelatin was used because we found that it reduced the adsorption of R17 on epoxy and polyethylene (see below); streptomycin was used to reduce bacterial contamination.
Centrifuge:6 The rotor ( Fig. 1 ) was spun in a helium atmosphere to reduce hydrodynamic drag. It was hung from a fixed bearing (Fafnir 2MM910OW1, class 7, greased) on a 1.2-mm diameter, 10-cm long piano wire. It was driven by a 100-400 cps, 38 watt, hysteresis synchronous motor (Electronic Specialty Company FF 26H100) powered by a Hewlett-Packard 200 AB audio oscillator, a phase splitter, and four Bogen MO100A 100-watt amplifiers (two in parallel for each phase). The frequency of the supply was constant to within about 0.05% per day. The rotor was clamped to the wire with a pin vise. The top of the vise (3.8-mm outside diameter) fitted into a 4.0-mm hole in a nylon damper which slid freely on a film of oil (Halocarbon 13-21). At the bottom of the rotor a 2.5-mm o.d. shaft passed through a 2.7-mm hole in a bearing-bronze insert in a second nylon damper. This damper was completely submerged in oil (Halocarbon 13-21); it floated on a film about 0.02-mm thick maintained by an external pump. The machine was leveled so that the bottom shaft was on axis. At speed the rotor wobbled perceptibly; it was not vibration-free. Cooling coils on the copper can carried water pumped from a constant temperature bath controlled by a mercury contact thermometer (Bronwill). The thermometer temperature was held constant to within 0.10C, but the rotor may have run a degree or so warmer. The buffer was pumped through polyethylene tubing into the well at the top of the rotor. It emerged from the bottom of the rotor in a fine spray that INPUT collected on the inside walls of an annular Pyrex dish equipped with a rinse manifold.
/ TOP CAP Rotor: The rotor is shown in section in Figure  D 2 bottom of the rotor was made by rolling a 6.4-mm wide strip of Whatman No. 1 filter paper into a ring two layers thick. It isolated the flow in the main section of the rotor from the flow at the output filter assembly. The filter assembly was designed so that the fluid could move down the rotor at about the same velocity at all points around the circumference and yet spill over the barrier at its lowest point. Before the fluid could leave the rotor it had to flow through an annular gap (0.025 mm thick, 3.8 mm long) and then around a pool (0.15 mm deep, 3.8 mm wide) to the point on the barrier that was farthest away from the rotation axis. It then spilled over the barrier and passed out of the rotor through one of the four slots in the bottom cap. The various parts of the rotor were machined to tolerances of 0.001 in. and stamped so that they always went together in the same way. The caps and shafts were protected by a thin film of epoxy made by dipping the parts in an acetone solution of the resin used to coat the cylinder wall. Epoxy coating: The epoxy layer on the rotor wall was cured while the rotor was spinning. It protected the aluminum and the buffer from each other, and its free surface provided a wall of the precise paraboloidal shape of an equipotential of the acceleration field (centrifugal plus gravitational). This ensured, at least at the field at which the coating was made, that any bulk flow arising from differences in the sample and buffer densities would be symmetric about the band center.7 To make the coating, the cylinder was degreased with organic solvents and treated 10 min at 60'C with a solution 1 part by weight potassium dichromate, 10 parts concentrated sulfuric acid, and 30 parts water. The caps and output filter assembly were coated with a release wax (Furane Plastics Epowax 1020), and the rotor was assembled (except for the paper filter). It was spun at 200 rps. Ten parts by weight Shell Epon Resin 815 were mixed thoroughly with 1 part diethylenetriamine, the bubbles were pulled out by pumping 5 min with a water aspirator, and the mix was injected into the rotor and allowed to cure 24 hr at 200C with the rotor spinning. The surface of the epoxy was very smooth. The coating was 48.7 cm long, 0.66 mm thick at the top, and 0.77 mm thick at the bottom. The radius of the free surface at the middle of the rotor was 2.64 cm. After the epoxy was coated with nitrocellulose (see below), the barrier at its lowest point was found to be 0.259 mm (+t1%) higher than the adjacent coated surface; this was the depth of the fluid at 200 rps (4260 g).
Nitrocellulose coating: We found R17 (and a number of proteins) to adsorb strongly to epoxy and to all other nonpolar surfaces tested, including polyethylene and Teflon. However, R17 did not adsorb to cellulose dialysis tubing. We used nitrocellulose initially in an attempt to make a regenerated cellulose coating, but when the nitrocellulose was denitrated,8 it did not adhere to the epoxy. One of these films was used as a dialysis membrane for purifying the R17 stock. In studying the adsorption of labeled R17 on partially denitrated coatings we then found that the denitration was not necessary; no adsorption was detected on the nitrated controls. The rotor was coated with a mixture of 30 ml of collodion USP (Fisher C407, lot 770529) and 10 ml of 3: 1 ether-ethanol. The ends of the cylinder were covered with Lucite disks, and the rotor was manipulated until this mixture had wet the epoxy and drained evenly out one end. When the disks were taken off, the coating quickly gelled; it was allowed to dry in air at least 2 hr before being exposed to buffer. The coating was about 3 pA thick.
Fluid handling: The buffer was transferred from a flask at 00C to the top of the rotor with a roller pump (Holter RA034 with a 1-rpm synchronous motor). The pumping rate was about 4 ml/hr in one experiment (II) and at about 10 ml/hr in the others. The radioactive sample was added through a separate polyethylene tube. The dish was rinsed with a 0.5 gm/liter solution of Fisher Sparkleen at the rate of 26 ml/hr and drained at the rate of about 50 ml/hr. The fluid was pumped from the dish into a 1-ml constant-volume flow cell made from Lucite mounted in the well of a small NaI(Tl) scintillation detector (Tracerlab ED-8) shielded with 2 in. of lead. The detector output was integrated by a ratemeter (Tracerlab 231) and written out on a recorder (Bausch and Lomb VOM 5). The experiments were run at a control temperature of 15.0°C. Buffer was added to the rotor at the beginning of a series of runs until 2 or 3 rotor volumes had cycled through, then the flow was turned off. A sample of freshly dialyzed R17 (0.050 ml containing about 5 ug of virus) was mixed with 0.25 ml of buffer and pipetted into the rotor, followed by a 0.50-ml buffer rinse. Enough time was allowed for the virus to sediment to equilibrium, Table 1. turned on. The experimental conditions and the numerical results are given in Table 1 . The small peak is the low-molecular-weight material; the large peak is R17. Experiments I and II demonstrate the increase in resolution expected when the flow rate is decreased; experiments I, III, and V show that the resolution is higher at higher fields; and experiments III and IV imply that adsorption of R17 on nitrocellulose, if it occurs, is no worse in the absence than in the presence of gelatin. The noise on the peaks is due largely to irregular drainage of the dish. The R17 band of experiment V, the one with the least noise, compares favorably with a first-passage-time distribution curve of the same amplitude and width (Fig.  4) .9
The small peak traveled at the average velocity of the fluid: We dried the rotor, filled it under the conditions of experiment I, and noted the time at which the flow rate increased at the scintillation detector. This filling time was equal to the observed transit time of the small peak, from which we conclude that the small peak traveled at the average velocity of the fluid. The measured filling time was several per cent larger than the time computed from the pumping rate and the rotor capacity, so not all of the fluid dripped into the rotor. When iodide ion was used as a test sample, a peak of the same width appeared at the same position. We did not identify the material in the small peak, but this result suggests that it was iodide ion. The R17 traveled at the velocity expected for a 2-wall flow profile: In the gravity experiments2 we found that the surface of the liquid was held in place by a detergent monolayer, so that the flow profile was "'2-wall."'0l Gelatin might form a surface film in the centrifuge; if not, 10-6 moles of a surface-active contaminant would suffice. Because of this possibility we compared the results of the experiments with the predictions of the theory' for both the 1-wall and the 2-wall profiles ( Table  2 ). The R17 traveled down the rotor at the 2-wall rate. It thus appears that the surface of the fluid was held fixed in the centrifuge. On that assumption the observed rate of travel of the Ri 7 agrees with theory as well as could be expected. The bands were somewhat wider than predicted, but there are a number of effects which could account for this; for example, the flow may not have been precisely the same at all points around the circumference of the rotor.
Preliminary experiments at a kfrgerflu4id depth were not so successful: There was evidence at fluid depths of 103 us that the flow profile was not parabolic over the length of the rotor. At 200 rps the R17 bands were late and very broad. At 142 rps they appeared somewhat later than predicted by the 2-wall theory; they were roughly the right width but asymmetric. The band shapes and positions could be changed if paper filters were inserted at the top and/or at the bottom of the rotor (as in Fig. 2 ). In one experiment a typical asymmetric band was observed when the rotor was run at 142 rps, but at 200 rps the R17 failed to appear. After 36 hours the rotor was decelerated to 142 rps, and a band emerged that was essentially identical to the one that had been observed before. At the higher speed, therefore, the R17 sat 36 hours at the top of the rotor in a region of negligible flow. Difficulty with the flow profile is expected at large fluid depths because of Coriolis forces. If the flow is not parabolic initially, for example, it cannot become parabolic unless the fluid moves radially. Radial motion in the rotating frame must be accompanied by circumferential shear. The shear persists while the flow is relaxing to its eventual parabolic form. The relaxation should be practically complete after the fluid has moved down the rotor a distance proportional to Qho/v where £ is the angular frequency of the rotor, ho is the depth of the fluid, and v is its kinematic viscosity. Discussion.-In the centrifuge experiments a root-mean-square band width of 8 per cent, a value not far from that predicted, was achieved in a running time of 11 hours at 11,590 g. This implies that two molecular species differing by about that much in effective mass could be separated under equivalent conditions. Although these limited tests do not prove it, we believe that the method is capable of considerably higher resolution. The theory predicts, for example, that a running time of 40 hours at 40,000 g should permit separation of materials similar to R17 with a resolution of 1 per cent.
As a device for routine analysis the instrument in its present form leaves much to be desired. We expect that a more practical centrifuge can be made in the form of a double-walled rotor spinning on a horizontal axis. The fluid would fill the annular space between concentric cylinders. It would be injected on the axis at one end of the rotor and be conveyed to the annular gap by thin radial channels. The effluent would be similarly discharged on the axis at the output end. No special wall shaping would be needed, for the (time average) equipotential surfaces would be cylindrical. The rotor could be spun in vacuo, if desired. An instrument of this type should be useful in an effective mass range of 10-'9 to 10-15 gm, which corresponds for biological material to a molecular weight range of about 105-109. Work at 10-19 gm will require fields of 100,000 g. At high fields only a small amount of material may be studied. On the other hand, it should be possible to work routinely at very low particle concentrations; the limit will depend on the sensitivity of the method used to detect the particles after they leave the rotor.
Summary.-A method for separating particles according to mass has been tested in a centrifuge of special design using particles of molecular weight 4 X 106. The particles were suspended in a fluid undergoing slow laminar flow perpendicular to the centrifugal field. The rate of transport of the test particles and the resolution, as judged by the width of the peak of test particles in the effluent, were reasonably consistent with the theoretical predictions.
